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1. Introduction
Carbon black is one of the most commonly used
reinforcing fillers in rubber for its excellent rein-
forcement in combination with low cost. However,
in the mixing process, CB has such defect as envi-
ronmental pollution, energy consumption and time
consumption. Additionally, CB is charged with con-
suming the depleting petroleum resources for its
manufacture and more or less contributes to the
accumulation of greenhouse gases. Considering the
limited resource and the environmental burden, it is
a meaningful topic to reduce the petroleum depend-
ency of industrial products. Thus, many researchers
tend to investigate various kinds of bio-based
renewable materials as the alternatives of CB in
rubber.
Cellulose, one of the most abundant biorenewable
materials, has its advantages as a reinforcing filler
in rubber: low cost, low density, low energy con-
sumption; high specific strength and modulus; easy
processability, reactive surface, easy recycling and
degradable property [1, 2]. Actually, not few lec-
tures have reported the application of cellulose in
rubber. Since Favier and co-workers [3] firstly rein-
forced rubber latex with nano-scale cellulose, lots of
researches have managed to extract cellulose from
nature, namely, rattan [4], bagasse [5], cassava [6],
kenaf [7], sisal [8], oil palm [9] etc., and to apply as
the reinforcing agent in rubber. Results show that
cellulose reinforces the rubber latex effectively.
Besides, cellulose could bring additional benefits
when serving as the filler in rubber, such as rela-
tively easy-degradable property of rubber compos-
ites [10], reduced Payne effect of filler [11], improved
abrasion resistance [12] and so on. Therefore, cellu-
lose is the promising reinforcing filler of rubbers.
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© BME-PTThe influences of fillers’ properties on rubber com-
posites mainly depend on the size, shape and sur-
face properties; among them, the size distribution is
the most important factor [13]. The smaller the size,
the better the reinforcing effect. And the surface
properties determine the compatibility and interac-
tion of filler-rubber. Besides, the dispersion of fillers
is also the premise of excellent reinforcing effect. It
was reported that nanoscale cellulose could rein-
force not only polar rubber latex [14, 15] but also
apolar rubber latex [6]. For apolar matrix, modifica-
tion of cellulose/matrix interaction would do a great
favor to the properties [9, 16]. There were also liter-
atures making comparisons of reinforcing effect
between cellulose and commercial fillers, most of
which showed negative results after replacing com-
mercial fillers by cellulose, due to the difference of
polarity and bad interaction [4, 12, 17].
The development of various rubber products and
the requirement of elastomer with special behaviors
motivate the development of rubber blends. Com-
pounding two or more kinds of rubber with certain
ratios usually contributes to the integration of behav-
iors, in spite of synergistic effect in some aspects.
Until now, a great part of elastomer products consist
of rubber blends, such as tyres, conveyors, tubes
and so on. While, it is relatively uncommon in the
literatures to study the rubber blends reinforced by
cellulose.
In this paper, the masterbatch technique was adopted
to fill NR/BR/SBR with NCC, which might be also
acceptable for other rubber blends. The coagulation
method was the approach used to get NR/NCC mas-
terbatches, which was clean and simple to carry out
and could ensure good dispersion of NCC in rubber.
Then, the resulting masterbatches were used to
mixing and reinforcing BR and SBR. In order to
improve the interaction between rubber and cellu-
lose, resorcinol and RH was added to modify the
NCC/matrix interface, which was widely used as an
coupling agent to improve the rubber-filler interac-
tion [9, 18, 19]. Lastly, the structure, morphology
and performance of NCC loaded NR/BR/SBR blends
were investigated by scanning electron microscopy
(SEM), rubber process analysis (RPA), apparent
crosslink density, dynamic mechanical analysis
(DMA) and mechanical properties tests.
2. Experimental
2.1. Materials
Microcrystalline cellulose (MCC, industrial grade)
was provided by the Gaoli Chemical Company in
Guangzhou, China. The sulfuric acid (95~98 wt%)
of analytical grade was the product of Chemical
R&D Center in Guangdong province, China. To get
the NCC, sulfuric acid with a concentration of
64 wt% had been prepared and used to hydrolyze
microcrystalline cellulose for 30 min at 45°C. After
the acid hydrolysis process, NCC solution was
washed repeatedly by distilled water until pH
reached 6~8, via centrifugation.
Natural rubber latex (61 wt%) was purchased from
Eleventh Rubber Factory of Guangzhou, China.
Anhydrous calcium chloride (analytical grade) was
produced by Tianjin Fuchen Chemical Company,
China. BR9000 and SBR1500 were supplied by
Guangzhou Rubber Industrial Product Research
Institute Co., Ltd. N330 grade carbon black (nitro-
gen absorption surface area 78 m2/g) was obtained
from China Rubber Company (produced in Anshan).
RH was the product of Guoli Chemical Industry
and Technology in China. The molecule structure of
RH was showed in Figure 1. Other rubber com-
pounding ingredients were all of industrial grade.
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Figure 1. Molecular structure of RH2.2. Preparation of NR/BR/SBR/NCC
composites
With certain NR/NCC ratios (60/0, 60/5, 60/10,
60/15, 60/20), NCC suspension and NR latex were
mixed by intense mechanical stirring in order to get
a homogeneous mixture, followed by the coagula-
tion step with the help of CaCl2 solution. Then, the
coagulated NR/NCC compound was washed with
clean water for enough time to remove impurity.
After that, the obtained NCC/NR materbatch was
dried in a ventilated oven at 70°C until constant
weight.
NCC and CB loaded rubber compounds were pre-
pared in a two-roll mill (according to ASTM
D3182-07), based on the formulation in Table 1.
Mastication process of NCC/NR masterbatch, BR
and SBR had to be continued about 3 minutes. Then
certain amount of CB fillers (45, 40, 35, 30, 25 phr)
were added to reach the total fillers volume of
45 phr, along with other ingredients, including the
modifier RH. The nip-gap, mill roll, speed ratio and
the number of passes were kept the same for all
samples. The milling step was concluded by pass-
ing the compounds four times through the mill at a
setting of 6 mm, taking care to maintain the direc-
tion of compounds and to ensure the orientation along
the flow direction to some degree. The last step was
followed by vulcanization, which was carried out at
150°C for a corresponding cure time (T90) with a
hot press, to obtain composite sheets with a 1 mm
thickness. Additionally, the other ingredients of com-
posites were fixed as: zinc oxide 5 phr, stearic acid
2 phr, CZ 1.5 phr, accelerator DM 0.5 phr, anti-
aging agent 4010NA 1.5 phr, sulfur 1.5 phr.
2.3. Characterization
Micrographs of NCC and vulcanizates were obtained
with a field emission scanning electron microscope
(Nova NanoSEM 430, FEI Company, Netherlands).
A copper grid was used to salvage NCC from diluted
NCC suspension. Then the NCC and fractured sur-
faces of various composites were sputter-coated with
gold prior to taking pictures.
X-ray diffraction (XRD) tests were carried out
using an X’Pert Pro MRD (PANalytical B. V.). The
diffraction patterns were recorded using Cu-K!
radiation at 40 kV. Crystallinity was calculated by
the following Equation (1) [20]:
                                  (1)
where I002 is the maximum intensity of the peak at
2" around 23° and Iam is the minimum intensity of
the peak at 2" around 18°.
Microstructure analysis of MCC and NCC was con-
ducted by Fourier transform infrared spectroscopy
(Migna 760, the Nicolet Company), after mixing it
with spectroscopy grade potassium bromide (KBr)
powder.
The experiments of strain sweeps were carried out
by RPA2000 (Alpha technologies, US), under the
following test configuration: preheat the samples at
60°C inside the cavity for 2 min with 0.1% strain and
1 Hz frequency, so as to get a stable temperature
and release built-in stress of samples; then strain
sweeping was done between 0.2 to 150% strain at
60°C and a frequency of 1 Hz.
Prediction of cured samples’ apparent crosslink
density (Vr) was done according to equilibrium
swelling experiments, as reported in [21].
Dumbbell specimens (6 mm width in cross-section,
1 mm thickness) and un-nicked 90° angle test pieces
(1 mm thickness) were prepared for the stress-strain
(ASTM D412) and tear strength (ASTM D624) test
respectively, via tensile strength tester (UT-2060,
UCAN Dynatex Inc., Taiwan) with a crosshead
speed of 500 mm/min. Shore A hardness was deter-
mined under the conditions given in ASTM-D2240.
The dynamic mechanical behaviors of composites
were measured by a dynamic mechanical analyzer
(DMA242C NETZSCH; Germany) in tension mode
(static force 0.5 N, dynamic force 5.0 N, force fac-
tor 1.1, amplitude 80.0 µm,). Samples were prepared
with a size of 8 mm length, 1 mm thickness and
6 mm width. The scan temperature was run from –
100 to 100°C with a heating ramp of 3 °C/min and a
frequency of 10 Hz.
Crystallinity  5 1 2
Iam
I002
Crystallinity  5 1 2
Iam
I002
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Table 1. Compounding formulation [phr]
Sample
codes
NR/NCC BR SBR
CB
(N330)
RH
0/45/0
60/0 20 20 45
0
0/45/4 4
5/40/0
60/5 20 20 40
0
5/40/4 4
10/35/0
60/10 20 20 35
0
10/35/4 4
15/30/0
60/15 20 20 30
0
15/30/4 4
20/25/0
60/20 20 20 25
0
20/25/4 43. Results and discussion
3.1. Characterization of cellulose
NCC, prepared by acid hydrolysis of MCC, was
analyzed via SEM as shown in Figure 2. The SEM
image revealed the existence of isolated rod-like
cellulose with diameters ranging from 20 to 140 nm
and lengths below 2 µm. This rod-like nano-cellu-
lose would become potentially excellent reinforcing
filler [13].
According to the XRD pattern displayed in Figure 3,
MCC and NCC had similar XRD curves. Both MCC
and NCC had peaks at 2" angles 15, 16.7, 22.9,
34.7°, which was attributed to the reflections from
11#0 and 110, 020 and 004 lattice planes, respec-
tively; and the 2" angles 15, 16.7, 22.9 implied a
crystalline structure of cellulose I [10, 22]. Besides,
the crystallinity of MCC and NCC were calculated
to be 87.12 and 87.96%, respectively, which were
almost the same. Thus, the acid hydrolysis hardly
reduced crystallinity. A slightly difference maybe
the shapes of peaks at 38.1 and 44.3°: all the peaks of
NCC above 25° tended to extensively broaden and
were not easy to figure out. The explanation was that
the acid hydrolysis mainly took place at amorphous
regions and imperfect crystalline regions. Hence,
the peaks of NCC at large-angle tended to fade
away and those at small-angle, however, were sharp-
ened. The retention of crystalline area could retain
the mechanical property of cellulose, which led to a
good reinforcing effect.
Fourier transform infrared (FTIR) spectrum of
MCC powder and NCC suspension was exhibited
in Figure 4. The broad peak from 3400 to 3300 cm–1
indicated OH groups in cellulose. Transmittance at
2897 cm–1 belonged to alkyl CH stretches. Absorp-
tion peak at 1317, 1338, 1371 cm–1 corresponded to
CH2 rocking vibrations, OH bending vibrations and
CH bending vibrations, respectively. The peak at
1429 cm–1 belonged to CH2 bending. And 1161,
1112, 1057, 1031 cm–1 were characteristics of cel-
lulose I# C–O–C–O–C bond [23]. According to the
mentioned peaks, the acid hydrolysis process did
not cause chemical changes in cellulose. However,
there was a new peak at 1760 cm–1 of NCC, which
probably denoted the carbonyl group of lactones at
the chain end. Explanation maybe that the degrada-
tion of cellulose increased chain ends, thus result-
ing in the appearance of C=O peak.
3.2. Morphology analysis of NR/BR/SBR
composites
The tensile fracture surfaces of rubber composites
filled with various NCC/CB/RH ratios were dis-
played in Figure 5. The fillers, both NCC and CB,
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Figure 2. SEM image of NCC
Figure 3. XRD spectrum of MCC and NCC
Figure 4. FTIR spectrum of MCC and NCCin the rubber matrix could easily be identified as
white dots. The micrographs of various vulcan-
izates revealed a relatively uniform morphology of
the surface and displayed a slightly rolling section,
which indicated good distribution of fillers and duc-
tile fracture of composites, respectively. Besides,
it’s hard to find rod-like filler in NCC-loaded com-
posites (Figure 5b and 5c), suggesting NCC oriented
in the stretching direction. Because the orientation
effect might be caused while the tensile fracture
surfaces were prepared. It showed that the white dots
in Figure 5b were relatively more and bigger than
those in Figure 5a. Because the adhesion between
NCC and matrix was poor, the fracture tended to
happen along the interface of NCC/rubber, hence
more exposure of NCC. Incorporation of RH helped
to improve compatibility and adhesion, so boundary
of NCC and matrix in Figure 5c tended to be obscure.
That microstructure of composites would affect the
mechanical properties, discussed in last parts.
In order to study the distribution of NCC in rubber,
composites with only NCC filler were prepared and
showed in Figure 6. The images illustrated the frac-
ture surfaces of RH modified composite (Figure 6b)
and without RH modification (Figure 6a). Several
holes were observed in unmodified composite (Fig-
ure 6a), since some of the NCC was pulled out from
the matrix. However, the surfaces of modified ones
were smoother: most of the NCC was totally embed-
ded in matrix, only showing up as dots. This indi-
cated a strong interaction between NCC and rubber
matrix, due to the modification of RH.
3.3. RPA 2000 analysis of NR/BR/SBR
compounds
RPA was carried out to identify the network condi-
tion of uncured compounds, displayed in Figure 7.
The total modulus reflecting both stable and unsta-
ble (major part) network could described by storage
modulus (G#) in small strain [24]. The unstable net-
work commonly indicated the filler network and
showed as the Payne effect [25]. Figure 7 illustrated
that G# decreased as NCC partly displaced CB. This
was because CB could form bound rubber [26], thus
performing high modulus. Nevertheless, NCC net-
works were relatively weaker than those of CB. The
substitution of CB by NCC diluted the CB network
[27] and facilitated good dispersion of fillers. How-
ever, an unusual phenomenon was that the very low
amount (4 phr) of RH involved in the compound led
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Figure 5. SEM images of NR/BR/SBR composites rein-
forced by NCC and CB: (a) NCC/CB/RH 0/45/0;
(b) NCC/CB/RH 10/35/0; (c) NCC/CB/RH 10/35/4to an obvious rise in the modulus. It’s worth noting
that RH has not developed chemical link with rub-
ber in the uncured compounds. So this rise was
mainly attributed to the physical interaction of RH
with filler. The hydrogen bond of RH/NCC has
been verified in our previous publications [28]. It
could be deduced that, with the existence of RH,
NCC network seemed to be enhanced by hydrogen
bond via RH. The fact that the addition of RH hardly
affected the modulus of control samples (com-
pounds without NCC) further proved it: this part of
increase only resulted from the interaction of
NCC/RH.
The loss tangent (tan$) is the ratio of dissipated
energies and storage energies in every cyclic strain.
According to Wang [29], the breakdown and refor-
mation of the network would result in an additional
energy dissipation during cyclic strain, which was
evaluated by hysteresis (tan$). Figure 7 showed a
rise in tan$ as NCC partly replace CB, for polar and
rod-like NCC caused more friction than CB among
macromolecules. However, the tan$ was lower than
in the control sample for RH modified compounds,
since hydrogen bond enhanced the NCC network.
3.4. Apparent crosslink densities of
NR/BR/SBR composites
Apparent crosslink densities of rubber/NCC/CB
composites were displayed in Figure 8. It showed
that, without the modification of RH, the substitu-
tion of NCC for CB led to a gradual decline in Vr,
especially when fillers ratios reached 20/25. The
abundant hydroxyl group in NCC could interact
with curing agents, resulting in the decline of Vr [30].
After modified by RH, composites showed markedly
improved but irregularly varying Vr as a function of
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Figure 6. SEM images of NR/BR/SBR composites filled with NCC: (a) NCC/CB/RH 10/0/0; (b) NCC/CB/RH 10/0/4
Figure 7. G#–strain (a) and tan$–strain (b) curves of uncured NR/BR/SBR compoundsfillers ratios. It was because at the cure temperature,
RH would decompose into phenols, methyl and
amine, which reacted in situ with the macromole-
cules to form resorcinol-formaldehyde resin [31].
Through it, active sites to polar fillers were intro-
duced in the low-polarity rubber molecules as
shown in Figure 9 [32]. Besides, amine generally
facilitated the curing process [33, 34]. Therefore, the
apparent crosslink densities were improved by RH.
On the other hand, the existence of RH also influ-
enced the NCC network as reflected in the RPA data,
hence elevating Vr and preserving Vr as fillers ratio
changed.
3.5. Dynamic mechanical performance of
NR/BR/SBR composites
DMA was conducted to explore the dynamic
response of CB and NCC loaded composites. The
curves of storage modulus (E#) and tan$ and corre-
sponding characteristics were shown in Figure 10
and Table 2, respectively. There were obvious
reductions of E# at the temperature ranging from –80
to –45°C, followed by a rubbery plateau. And the
tan$ reached the top peak at about –55°C, illustrat-
ing the glass transition (Tg) of composites. Compar-
ison of different samples showed that the replace-
ment of CB by NCC did not impair the reinforcing
effect, which was reflected by the slightly increased
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Figure 8.Apparent crosslink densities of NR/BR/SBR
composites reinforced by NCC and CB
Figure 9. Interaction between NCC and macromolecules in
modified composites [32]
Figure 10. E!–T and tan$–T curves of NR/BR/SBR com-
posites reinforced by NCC and CB
Table 2. Data of the E# and tan$–T curves of NCC-loaded
NR/BR/SBR composites
NCC/CB/RH
Tg
[°C]
E!(25°C)
[MPa]
tan"(0°C) tan"(60°C)
0/45/0 –55.2 6.867 0.1942 0.1151
10/35/0 –55.8 7.751 0.1906 0.1144
10/35/4 –53.9 9.023 0.1761 0.0887value of E#. And modification of RH further facili-
tated this tendency. The reinforcement of NCC was
due to the high aspect ratio and modulus [35]. So, a
certain amount of NCC could perform comparable
reinforcing effect with CB. Additionally, RH
enhanced the NCC network by hydrogen bonding
and linked this network to rubber molecules, as
shown in the previous part. Besides, the contribu-
tion of RH to rubber crosslink also played a role.
The loss tangent (tan$) is the ratio of dissipated
energies and storage energies. It is the value to char-
acterize internal friction. The higher the tan$, the
more friction the internal system suffers and the
more heat is produced in the system. According to
the characteristics of tan$, tan$ at the temperature
above 0°C decreased slightly upon the replacement
of CB by NCC. The existence of RH also decreased
the tan$, because RH facilitated the crosslinking of
rubber. This trend suggested a low rolling resistance
and probably reduced heat built-up.
3.6. Mechanical properties of NR/BR/SBR
composites
The mechanical properties of NCC and CB loaded
composites were exhibited in Figure 11. It showed
that the substitution of CB by NCC did not cause
obvious deterioration of the mechanical properties.
And the elongation at break was even improved
from 400 to 500%, after 20 phr NCC replacing CB.
These comparable performances of NCC loaded
composites with CB-filled ones were possibly due
to the nano-effect [13] of cellulose and good disper-
sion of fillers, supported by SEM images. If need to
mention some defects, it were permanent set and
modulus at 300% that were undermined. This ten-
dency was a result of weak adhesion of polar NCC
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Figure 11. Mechanical properties of NR/BR/SBR composites reinforced by NCC and CB, (a) tear strength; (b) tensile
strength; (c) modulus at 300%; (d) elongation at break; (e) permanent set; (f) hardness and nonpolar rubber matrix. The incorporation of
RH eliminated those defects: permanent set was
obviously decreased, so did the increasing rate as a
function of NCC content; modulus at 300% was
enhanced and the tendency did not always decline
as NCC increased. Tear strength and hardness were
also markedly improved by RH. Among various
fillers ratios, 10/35 was the optimal one to obtain
the best mechanical properties, which may be a
result of the good synergistic reinforcement of the
two kinds of filler network.
4. Conclusions
Acid hydrolysis was adopted to obtain NCC, which
was a kind of nanomaterial and possessed perfect
crystal structure. Then, resulting NCC had been used
to reinforce NR/BR/SBR blends as the substitute of
CB. SEM images revealed good dispersion of NCC
in blends. The RH strengthened the interaction of
NCC and matrix. DMA revealed comparable rein-
forcement of NCC with CB. Mechanical properties
showed samples with a high NCC loading of 10 phr
performed best behaviors, indicating good reinforc-
ing effect of NCC. The incorporation of RH would
further improve the mechanical properties. In sum-
mary, NCC partially replacing CB, through stated
method, led to well performance of NR/BR/SBR
blends according to investigated aspects, along with
environmental benefits and economic interests.
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